Experiments were conducted to study the kinetics of colour change of yellow sweet pepper during microwave-assisted convective drying at power levels of 280, 210, 140, and 70 W; temperatures of 60, 45, and 30 • C; and a constant air velocity of 1.5 m/s. Colour change kinetics were determined using Hunter's primary L, a, b values, chroma, hue, total colour change ( E), and browning index (BI) values. The results indicated that the degradation of a, E, and hue followed zero order kinetics and L, b, chroma, and browning index followed first order kinetics. The rate constant was assumed to have Arrhenius-type dependence on temperature. Again, based on activation energy, b and hue parameters proved to be the most sensitive measures of color change, which could be taken into account during thermal processing of capsicum for getting a quality product.
INTRODUCTION
Sweet pepper is a non-pungent variety of pepper (Capsicum sp.) belonging to the solanaceous family. Health-promoting, nutritional, and sensory attributes make the pepper one of the most consumed vegetables. It is an important cash crop in India and the world's second most important solanaceous vegetable after tomato, also known as bell pepper and locally as 'shimla mirch'. Apart from being used as a vegetable, peppers are extensively utilized as a colouring agent by the food and cosmetics industries. It is rich in vitamins C, B, and E, flavanoids, capsaicin, and mineral content. [1−3] The visual appearance of food, i.e., colour, is an important attribute, which is the first impact made by a consumer at the point of sale. [4] The colour of yellow sweet pepper is controlled by β-carotene and zeaxanthin as these are food pigments. [5] However, excessive heating during thermal processing produces considerable losses in the quality and particularly in the organoleptic properties of foods. [6] Several authors have studied the colour kinetics of food materials during thermal processing in terms of changes in Hunter tri-stimulus colour values L, a, and b. [7−10] Hunter colour parameters (L, whiteness/darkness; a, redness/greenness; and b, yellowness/blueness) have proved valuable in describing visual colour deterioration and providing useful information for quality control in fruits and vegetables. There are other parameters derived from the Hunter L, a, and b scale: the total colour change, chroma, which indicates colour saturation and is proportional to its intensity; hue angle is frequently used to specify colour in food products. An angle of 0 or 360 • C represents red hue, while angles of 90, 180, and 270 • C indicate yellow, green, and blue hues, respectively. Hue angle has been used in the evaluation of colour parameters, especially in green vegetables, fruits, and meats. Browning index (BI) represents the purity of brown colour and is reported as an important parameter in drying processes where enzymatic and nonenzymatic browning takes place. The study of the colour change behavior of foods during drying has recently been a subject of interest for various investigators; for example, concentrated fruit pulp, [11] spinach and mustard leaves, [12] banana, [13] garlic, [14] rosehip, [15] soybean, [16] mango pulp, [17] guava and papaya, [18] okra, [8] bamboo shoot slices, [19] apple slices, [20] and watermelon juice. [21] Hence, if the kinetics of colour degradation are determined and the order of colour change is established, the total colour can be used to evaluate quality of food material during thermal processing. The literature review revealed that no information is available on thermal kinetics of colour degradation of yellow sweet pepper. This study was aimed at understanding the kinetics of colour degradation during microwave-assisted convective drying of yellow sweet pepper and also to calculate the activation energies for colour change kinetic parameters using the exponential expression based on the Arrhenius equation.
MATERIALS AND METHODS

Material
Fresh yellow sweet peppers were procured from the Center for Protected Cultivation Technology, Indian Agricultural Research Institute, New Delhi. The samples were washed and stored at 7 ± 0.5 • C in refrigerated storage until analysis. Before the drying experiments, the samples were taken out of the refrigerator and sliced with a knife. At least 10 measurements of length, breadth, and thickness were made at different points of the sliced pepper with a vernier caliper (Mitutoyo, Japan) having an accuracy of 0.02 mm; only slices that fell within a 5% range of the average dimensions (length, breadth, and thickness) were used. The average value of length (60 ± 1.5 mm), breadth (6 ± 0.5 mm), and thickness (4 ± 0.41 mm) were calculated. Initial moisture content was measured by taking 30-g samples dried in an oven at 70 • C for 24 h, which were calculated as 89.01 ± 0.45% (w.b.).
Pretreatment
A flow diagram of the used experimental protocol is shown in Fig. 1 . The samples were osmotically dehydrated according to the Central Composite Rotatable Design (CCRD) using parameters, such as salt, sucrose, RPM (revolutions per minute), solution to sample ratio (SSR), and time, inside the incubator shaker shown in Table 1 . These were optimized based on our objective requirements of weight loss, moisture loss, and solid gain, and the optimized osmotic dehydrated samples containing a moisture content of 71.29 ± 0.65% (w.b.) were taken for microwave drying.
Drying Equipment and Drying Method
Drying experiments were performed in a laboratory scale microwave-convective dryer ( Fig. 2 ) consisting of four subsystems: air supply unit, heating unit, drying unit, and control unit, available in the Division of Post Harvest Technology, Indian Agricultural Research Institute, New Delhi. The blower (model: 0.24 HP, 50 H Z , continuous single phase) blows the air to the heating section to maintain the temperature up to a desired level, regulated by a thermostat from where it passes to the microwave oven. A thermostat (Multispan, MDC2901) was mounted over the blower to detect the change in the air temperature, which can be varied by manually using the regulator unit. The microwave oven (WP700L17.3 MW oven, LG make, 17 L capacity) with technical features of ∼230 V, 50 Hz, and 700 W with a frequency of 2450 MHz has the dimensions of 295, 458, and 370 mm and consisted of a turn table of 270 mm diameter at the base of the oven and it also operates in pulsed mode. The microwave oven has the capability of operating at ten different microwave output powers between 70 and 700 W measured using the IMPI-2 L test. [22] The adjustment of microwave power level and processing time is done with the aid of an analogue control facility located on the microwave oven. The dryer was run without the sample placed in, for about 30 min to set the desired drying conditions before each drying experiment. Air velocity was measured with a hot wire anemometer (Model No.: AM-4204; Make: LT Lutron, Taipei, Taiwan) having a least count of 0.1 m/s. Preliminary experiments of microwave-hot air drying of yellow sweet pepper resulted in charring of the product towards the end of drying at a power level higher than 280 W. The combined microwave-hot air drying experiments were thus conducted with continuous microwave power of 280 W and step down intervals of 70 W, in conjunction with hot air at 30, 45, and 60 • C temperatures at constant air velocity of 1.5 m/s. Two hundred (200) g of osmotically dehydrated yellow sweet pepper was arranged in a single layer on the turn table and placed in the centre of the oven and the drying process was started for different combinations of microwave power and air temperature. Then, the samples were removed from the oven periodically and moisture loss was measured by weighing on the digital balance (Panacea GX 4000, Germany) with 0.01 g precision. Three replications of each experiment were performed according to preset conditions and the data was presented as the average of these results. The reproducibility of the experiments was within the range of ± 5%. Drying process continued until the moisture content of samples fell down to about 6% (w.b.). All weighing processes were completed in <10 s during the drying process.
Colour Measurement
Colour measurements of the yellow sweet pepper slices were carried out using a Hunter-Lab Colorimeter (Miniscan ® XE Plus 4500 L). The instrument (45 • /0 • geometry, D 65 optical sensor, 10 • observer) was calibrated with black and white reference tiles through the tri-stimulus values X, Y, Z, taking as standard values those of the white background (X = 79.01; Y = 83.96; Z = 86.76) tile. The colour values were expressed as L, a, and b at any time, respectively. A glass cell containing the microwave treated samples was placed above the light source and post-processing L, a, b values were recorded. Colour measurements were taken in triplicate and average values were taken for further calculation. In addition, the total colour change ( E) (Eq. 1), chroma (Eq. 2), hue angle (Eq. 3), and Browning index (Eq. 4) were calculated from the Hunter L, a, b scale and used to describe the colour change during drying:
where L 0 , a 0 , b 0 are the initial colour measurements of raw yellow sweet pepper samples and L t , a t , b t are the colour measurements at a prespecified time.
where
.
Kinetic Consideration
To determine the reaction order of total colour change due to heat exposure, colour change was assumed to be a single entity. The following equations were used to represent the reaction rate:
where C is the measured Hunter colour scale value or a combination of Hunter colour scale values, t is the heating time, k is the rate constant for colour degradation, and n is the order of reaction rate with respect to time. Change in total colour of yellow sweet pepper was determined using a differential method. [23] If colour change due to heating follows zero order kinetics (n = 0) and first-order kinetics (n = l), Eq. (5) can be rearranged.
where C 0 is the initial value of colour and C is the colour value at a prespecified time, (+) and (-) indicate formation and degradation of any quality parameter, respectively. The Arrhenius equation to relate the dependence of the rate constant with temperature is represented by:
where k 0 is the pre-exponential factor (min −1 ), E a is activation energy (J/mol), R is the gas constant (8.314 J/ mol K), and T is absolute temperature (K).
Statistical Analysis
Experimental data for the different parameters were fitted to different kinetic models and processed using MATLAB version 7.1.6 (R2008a) software. Linear and non-linear regression were applied for zero order and first order kinetics, respectively, to calculate the corresponding reaction rate constant. Correlation coefficient and root mean square error (δ) values were used as the basis to select the best regression for the entire temperature range. In the second step, the Arrhenius equation was used to describe the temperature dependence of the reaction rate constant. In all cases, data fittings were considered significant to a probability level of 95%.
RESULTS AND DISCUSSION
Kinetics of Colour Change during Microwave Convective Drying
To investigate the combined effect of microwave output power and convective air temperature on colour change kinetics of yellow sweet pepper, four microwave output powers (70, 140, 210, and 280 W) and convective air temperatures (30, 45 , and 60 • C) at constant air velocity of 1.5 m/s were used for drying a constant amount of 200 g. In practice, any changes in a and b values have been associated with simultaneous changes in L value. Representation of quality in terms of total colour may, therefore, be more relevant from the processing point of view. [9, 24] The estimated parameters of the kinetic models, the corresponding values of coefficients of determination (R 2 ) and the root mean square error (δ) are represented in Tables 2 and 3 .
Colour Parameter 'L'
Lightness (L) decreased with drying time for all levels of power and temperature of yellow sweet pepper as shown in Fig. 3 . Since L is a measure of the colour in the light-dark axis, this falling value indicates that the samples were turning darker. It has been observed that the variation in the brightness of heat-treated samples can be taken as a measurement of browning. [25] A similar behaviour was found by Barreiro et al., [26] which was possibly due to the presence of heat sensitive reactions in the first phase of the curve involving the degradation of thermolabile pigments resulting in formation of dark compounds that reduced luminosity, while in the second phase more thermostable pigments were involved. As a whole, the development of discoloration of samples during drying by any technique may be related to pigment destruction, ascorbic acid browning, and non-enzymatic Maillard browning. [27, 28] The L value decreased from the initial value of 41.61 to 20.98 with an increase in the power level from 0.35 to 1.4 W/g, which shows more deviation from lighter colour to darker. The time to reach an L value of about half of the initial was 30 min for 1.4 W/g 1952 SWAIN ET AL. Table 2 The estimated kinetic parameters and the statistical values of zero-order and first-order models for L, a, b, and total color change ( E) for various microwave output powers.
Zero-order model
First-order model Power (W/g) Temp.
( and 60 • C, which is about 110 min for 0.35 W/g and 30 • C. Therefore, high power and temperature would give a destruction rate nearly 3.5 times more than the lower power levels. Indeed, final lightness relative to initial lightness declined exponentially and significantly (P < 0.05) with the corresponding increase in the drying temperature. Again, the kinetic rate constants (k) for the first order model increased from 0.0059 to 0.0226 min −1 with the increase in microwave power and convective air temperature. Thus, it may be concluded that with the increase in microwave power and air temperature, the rate of colour deterioration was faster as a result of high energy transferred to the inside of food material, which causes an increase in the temperature of the product. [8] The coefficient of determination values (R 2 ) for the first order model ranged from 0.9986 to 0.9707 with the standard error values ranging from 0.297 to 0.970, which were less than zero order model as shown in Table 2 . As the values of R 2 and standard error were taken as the best criteria for selecting a best fitted model, it could be observed that this relationship followed the first-order kinetic reaction and was consistent with previous works for grape juice; [29, 30] double concentrated tomato paste; [26] apple pulp, peach pulp, and plum pulp; [11] peach puree [31] and pear puree [27] .
Colour Parameter 'b'
The relative visual b values decreased from 24.84 to 5.43 (Fig. 4) during microwave treatment under various conditions of microwave power. This could be attributed to accelerate the carotenoid isomerization due to exposure to high temperature leading to loss of yellowness. [32, 33] It was observed that the first-order kinetic model fitted well to parameter b, where a significant (P < 0.05) exponential regression with R 2 varied between 0.9358 and 0.9848, with the standard errors (δ) for first order model varying from 0.368 to 0.971, were less than zero order model (Table 2) . Hence, it could be concluded that the degradation of colour parameter b followed first order kinetic reaction. Similar results for the order of reaction were found by other authors in double concentrated tomato paste, [26] peach puree, [31] mango puree, [34] and pineapple juice. [35] Colour Parameter 'a'
Figures 5a, 5b, and 5c show an increase in the a values from 5.64 to 11.37 undergoing different processing steps, which signifies that the yellow sweet pepper slices lost their colour and became more red. This may be due to decomposition of pigments [10] and formation of brown pigments. [29, 36, 37] A similar behaviour for this parameter was found in black currant syrups, [38] , grape juice, [30] , blood orange juice, [39] and purple carrots. [40] In this case, zero order kinetic model adequately described the degradation of a value of yellow sweet pepper over the entire temperature range. The coefficient of determination values (R 2 ) ranged between 0.9907 and 0.9997 with the kinetic rate constant varying between 0.0434 and 0.152 min −1 .
Colour Parameter ' E '
The total colour difference ( E) increased significantly during microwave drying with drying time as well as temperature. The values ranged from 5.05 to 29.87 as the microwave output power increased from 0.35 to 1.40 W/g (Fig. 6 ). In the current study, it was observed that the zero-order kinetic model fitted well in which a significant (P < 0.05) linear regression with the coefficient of determination values (R 2 ) ranged between 0.9923 and 0.9978 ( Table 2 ). The same order of reaction was found by Flora [41] and Rhim et al. [30] in grape juice, by Pagliarini et al. [42] in milk and by Barreiro et al. [26] in double concentrated tomato paste.
Colour Parameter 'Chroma'
Chroma indicates the degree of saturation of colour and is proportional to the strength of the colour. It decreased from 25.472 to 9.067 ( Fig. 7) . Little change was found in chroma and they were not significantly different (P < 0.05), indicating stability of colour of yellow sweet pepper. The first order reactions associated with the degradation chroma was also calculated with the kinetic rate constant ranging from 0.0065 to 0.0371 min −1 (Table 3 ). Several investigators have reported similar observations. [26, 43, 44] 1958 SWAIN ET AL. 
Colour Parameter 'Hue'
Hue angle has been extensively used to characterise and evaluate colour parameters in food products (green vegetables, fruits, and meats). Hue angle decreased from 77.226 to 25.379 ( Fig. 8 ) following zero order reaction ( Table 3 ). The decreasing trend of hue angle may be attributed to degradation of yellow carotenoid pigments (Zeaxanthin) due to microwave heating leading to orange colour product. It is in agreement with other literature like kiwi fruit [37] and okra. [8] The kinetic rate constant of zero order ranged from 0.3491 to 1.554 min −1 , which was also proportional to the increase in the microwave output power and convective air temperature.
Colour Parameter 'Browning Index (BI)'
Browning index signifies the purity of brown colour and an important parameter in processes where enzymatic and non-enzymatic browning takes place. [44] It decreased from 96.153 to 64.612 and it was predicted that brown pigment formation adequately followed the first-order kinetic model ( Fig. 9 ). In all cases, a significant (P < 0.05) exponential regression with R 2 varied from 0.973 to 0.988 with the standard error values shown in Table 3 . Similar results for the order of reaction were found by other authors in pear juice concentrate, [45] apple juice, [46] and pear puree. [27] The kinetic constants' values of first order reaction ranged between 0.0024 and 0.0131 min −1 for yellow sweet pepper ( Table 3 ). The evident increase of the kinetic constants with the treatment temperature confirmed that non-enzymatic browning is favoured by the increase in treatment temperature.
Effects of Temperature on the Rate Constant
The dependence of rate constant on absolute temperature obeys the Arrhenius relationship (Eq. 8). A higher activation energy (E a ) value indicates greater heat sensitivity for colour degradation during a thermal process. [47] E a values of yellow sweet pepper ranged from 6.250 to 24.665 kJ/mole. Again, E a values ( Table 4 ) of b were found to be higher than other colour parameters. Hence, b could be considered to be the most heat sensitive colour variable for yellow sweet pepper. Further, a higher E a value over a lower temperature range reflects differences in their sensitivity to temperature. This is in agreement with pear puree. [27] Considering for derived Hunter's parameters, hue angle was most sensitive having E a values ranging between 11.109 ± 1.543 to 20.438 ± 2.212 kJ/mole with the coefficient of determination varying from 0.982 to 0.991. The Arrhenius plot for the best color parameters (b and hue value) at different power levels is shown in Fig. 10 . The slope values, Ea/R, were used to calculate the activation energies and the intercepts gave the frequency factors (k0). It may be concluded that fruit exhibits high activation energy for one parameter but less for another, reflecting differences in their sensitivity to temperature. Yellow sweet pepper had a higher E a value over the lower temperature range for yellowness (b value), but lower value for brightness (L). A similar trend was also observed for pear puree [27] that had a higher E a value over the lower temperature range for yellowness (b value), but lower value for E and the browning index compared to pineapple puree. This could be due to the differences in composition, such as sugar and amino acid content, pH, acidity, and also the temperature range of the study. [12, 45] The results from this study indicated that the most sensitive parameter for the measurement of colour degradation in response to temperature treatment during processing was b value and hue for yellow sweet pepper, based on their E a estimates.
